OBJECTIVES: Totally endoscopic minimally invasive mitral valve surgery (MIMVS) is technically demanding and often performed with robotic assistance. We hypothesized that three-port video-assisted thoracic surgery (VATS) would facilitate endoscopic MIMVS and evaluated its feasibility and safety.
INTRODUCTION
Totally, endoscopic minimally invasive mitral valve surgery (MIMVS) using a standard endoscopic system was introduced in the late 1990s [1] . However, it has not gained popularity worldwide despite its convenience and lower cost compared with the da Vinci robotic system (Intuitive Surgical Inc., Sunnyvale, CA, USA).
Endoscopic MIMVS is typically performed by simply reducing the size of the incision used in direct-vision MIMVS [1] . All procedures require a single slit-like incision. This technique resembles the recently established single-port (single incision) endoscopic surgery as a more challenging method of endoscopic surgery.
However, multiple-port surgery is yet standard for complicated endoscopic surgeries even today. Three-port video-assisted thoracic surgery (VATS) is a basic technique in thoracic surgery [2] . It involves one small thoracotomy, one camera port, and one additional working trocar port. The setting composed of, strictly speaking, one incision plus 2 ports instead of 3 trocars, but generally called 3-port VATS [2] . Therefore, we call this setting as 'three-port VATS' in this report. We hypothesized that use of the three-port VATS technique in cardiac surgery would facilitate MIMVS and evaluated the feasibility and safety of this technique.
MATERIALS AND METHODS
This study and performance of endoscopic mitral valve surgery were approved by our institutional review board. Written informed consent was obtained from all patients before surgery.
We initiated our MIMVS protocol in October 2010, and MIMVS has been the preferred approach for mitral valve surgery since then. Patients who underwent mitral valve surgery from October 2010 to June 2016 at our institution were retrospectively reviewed. In total, 492 mitral valve surgeries were performed during this study period.
Of these 492 patients, 214 patients underwent median sternotomy. 79 cases underwent concomitant bypass or aortic surgery, and 72 cases underwent aortic and mitral valve surgery through median sternotomy. Others had median sternotomy mainly because of advanced atherosclerotic vascular lesions. Among patients who underwent right mini-thoracotomy mitral valve surgeries, eighteen patients who underwent MIMVS as an alternative approach in redo cardiac surgery were not involved. Ten patients who underwent concomitant aortic valve replacement and mitral valve surgery through a right mini-thoracotomy were also excluded. Finally, 250 who underwent first-time MIMVS were involved in this study. The patients' characteristics are presented in Table 1 .
Preoperative examination
All patients underwent transthoracic echocardiography; transoesophageal echocardiography was optional. Patients aged >60 years underwent coronary and systemic angiography with contrast-enhanced 3D computed tomography. Younger patients underwent systemic plain computed tomography to evaluate their vascular anatomy and the presence of atherosclerosis in the ascending aorta and iliac and femoral arteries.
Indication for MIMVS
Complex mitral valve lesions were not regarded as contraindications of MIMVS. Mitral valve replacement (MVR) was also included.
The exclusion criteria were concomitant coronary bypass or aortic surgery, progressive calcification in the ascending aorta or iliac or femoral arteries, a history of right thoracotomy, emergency cases, and depressed left ventricular function (ejection fraction of <30%).
Surgical technique
Our surgical technique was previously reported in detail [3] . In short, patients were placed in a partial left lateral position with a pillow under the left axilla. A double-lumen tube or blocker balloon was used to collapse the right lung. The right arm was flexed anteriorly and the forearm was set in front of the face of the patient. Thus, the intercostal space was extended and the posterior edge of the major pectoralis muscle was moved anteriorly.
The femoral vessels were prepared through a 3 cm groin incision. A 3-5 cm skin incision was made in the right anterolateral chest along the fourth intercostal space in male patients. In female patients, this skin incision was made along the lateral margin of the mammary gland. A fourth intercostal thoracotomy was performed, and an Alexis wound protector size S (Applied Medical, Rancho Santa Margarita, CA, USA) was applied. A metal rib spreader was used in the first 35 patients, but only the wound protector was used thereafter. The trocar port for the endoscope was inserted through the fourth or fifth intercostal space posterior to the thoracotomy. A trocar 5.5 mm in diameter was chosen when a 5 mm, 2D, high-definition endoscope (Karl Storz, Tuttlingen, Germany) was used. In October 2015, a 3D highdefinition endoscope (Karl Storz, Tuttlingen, Germany) was introduced and used in the last 41 cases. A trocar 10.5 mm in diameter was necessary for the 3D endoscope. Both endoscopes had a 30 oblique view. A 5.5-mm trocar was inserted through the third intercostal space to insert left-handed instruments. Thus, a setting similar to three-port VATS was established ( Fig. 1A and B) . Femorofemoral cardiopulmonary bypass (CPB) was started. For venous drainage, the tip of a wire-reinforced cannula (QuickDraw; Edwards Lifesciences, Irvine, CA, USA) was inserted deep enough into the superior vena cava under transoesophageal echocardiography guidance; an additional jugular venous cannula was not used. Vacuum assistance was used for venous drainage. The patient's body temperature was cooled to 32 C, and for complex procedures, down to 28 C. After full CPB had been established, the pericardium was opened parallel to the right phrenic nerve. All intrathoracic procedures were performed endoscopically from opening to closing of the pericardium. The shadowless lights were dimmed to avoid glare of the video monitor. The ascending aorta was cross-clamped using a flexible-shaft clamp with a telescopic sheath (Cygnet Flexible Clamp; Vitalitec, Plymouth, MA, USA) inserted through the main wound. Antegrade cold blood cardioplegia was performed and repeated at every 20-25 min. An aortic clamp, CO 2 line, 16-Fr left atrial vent (DLP 12116 LV; Medtronic, Minneapolis, MN, USA), antegrade cardioplegia line (DLP aortic root cannula 23 009; Medtronic), and one-piece left atrial retractor (MERA, Tokyo, Japan) ( Fig. 1C) were all inserted through the main incision, and no additional stab wound was created. All cannulas were fixed to the edge of the skin with silk sutures. Right-handed instruments were inserted through the remaining space of the main incision ( Fig. 1A and B) . Mitral valve repair or MVR was performed through the usual interatrial groove incision. The endoscope was manually controlled by an assistant so that the scope was always located at the centre of two instruments controlled by both of the surgeon's hands (Fig. 1D ). For posterior leaflet prolapse, resection and suturing was usually performed. For anterior leaflet prolapse, artificial chordae reconstruction with the loop technique was performed. For commissural lesions, edge-to-edge leaflet sutures were placed. Leaflet augmentation was performed using the pericardium if needed. For mitral annuloplasty, a full ring or partial ring was placed depending on the surgeon's preference. The left atrium was closed with a single-layer running suture. When tricuspid annuloplasty (TAP) was needed, an additional venous drainage cannula was inserted directly into the superior vena cava thorough the main wound and both cavae were snared. TAP was performed as usual under an endoscopic view. When the Maze procedure was performed, a CO 2 -based cryosurgery system (142 Cryo Unit; Spembly, Andover, UK) was used. After aortic declamping, the mitral valve was evaluated with transoesophageal echocardiography. CPB was discontinued under bilateral lung ventilation. A chest drain was inserted through the camera port, and the chest was closed as usual. A typical postoperative chest wound is shown in Fig. 2 . The patients were transferred to the intensive care unit (ICU) under tracheal intubation.
Data collection, patient follow-up, and statistical evaluation All data were collected retrospectively. Early postoperative complications, in-hospital death, and 30-day mortality were assessed to evaluate the safety of endoscopic MIMVS as the primary endpoint. The lengths of the ICU stay and postoperative hospital stay were evaluated as surrogate markers of invasiveness and set as the secondary end-points. To evaluate the learning curve of the procedure, the moving averages of the total operation time and CPB time were calculated by averaging the data of 10 chronologically consecutive cases.
Transthoracic echocardiography was performed preoperatively, before discharge, and occasionally at the outpatient follow-ups. The patients were followed up at least annually. The follow-up rate was 100%.
Distribution of normality of continuous data was evaluated with Kolmogorov-Smirnov test. Continuous data are presented as average ± standard deviation. Data not normally distributed are presented as median, 25-75 percentile. Categorical data are presented as raw number or percentage. The survival rate and freedom from reoperation rate were calculated using the Kaplan-Meier method and are presented as estimated percentages ± standard error. SPSS version 22 (IBM Corp., Armonk, NY, USA) was used for all statistical calculations. 
RESULTS
The etiologies of the mitral lesions and surgical procedures are shown in Table 2 . A total of 223 patients underwent mitral valve plasty (MVP). Two patients underwent MVR after attempted repair (both had active endocarditis; repair rate, 99%). Another 25 patients underwent scheduled MVR mainly for rheumatic lesions. In 45 patients who underwent the Maze procedure, 37 (82%) returned to sinus rhythm.
The major postoperative complications and the intraoperative and postoperative data are presented in Table 3 . One patient died in the hospital within 30 days postoperatively. This 80-yearold woman had NYHA class IV disease preoperatively and underwent urgent MVR, but she died of heart failure 26 days after the operation. Two patients required conversion to sternotomy because of bleeding. Two patients developed wound infections. One superficial chest wound infection was treated conservatively, and one groin infection needed drainage. A total of 205 (82%) patients needed only an overnight ICU stay. A graph of the moving average of the operative and CPB times is shown in Fig. 3 . The graph shows fluctuations because of sporadic difficulties and time-consuming cases, but the operative and CPB times tended to plateau after 120-130 cases. Before discharge, all patients had no to mild mitral regurgitation. Three patients died during a mean follow-up of 29.7 months. One died of arrhythmia at 6 months, one of embolic stroke at 7 months, and one of the pneumonia at 9 months postoperatively. Seven patients who underwent MVP needed reoperations because of recurrent mitral regurgitation and haemolysis. Five of them underwent re-repair and one underwent MVR with MIMVS through the same skin incision as used in the first operation. One patient underwent a median sternotomy and MVR. No patient required a reoperation after MVR. Kaplan-Meier showed that the 5-year survival rate was 98.3% ± 0.9% and the reoperation-free rate was 96.9% ± 1.2%.
DISCUSSION

Why use the three-port VATS technique?
In this study, we introduced the standard three-port VATS technique into cardiac surgery. The three main features of this method are as follows: the endoscope is manually controlled by an assistant, an additional working port is placed in the right axilla, and no accessory stab wounds for cannulae, aortic clamps or left atrial retractors are needed.
The frequency with which endoscopic surgery is performed has recently exceeded standard open-chest surgery in the field of general thoracic surgery. In fact, 70.8% of lung cancer surgeries were performed under video assistance or completely endoscopically during 2013 in Japan [4] . Complete VATS without a rib spreader is reportedly associated with less postoperative pain than is a small thoracotomy [2] . The three-port setting is the basic technique in complete VATS. Independent working ports maintain an appropriate angle between instruments, facilitate performance of the intrathoracic procedure, and avoid interference between instruments. If we perform totally endoscopic MIMVS by simply reducing the size of the skin incision in direct-vision minimally invasive cardiac surgery, the setting becomes similar to single-port VATS; i.e., it becomes a more advanced and technically challenging style of endoscopic surgery [5] . This high technical demand may have impeded the popularization of endoscopic MIMVS, and robotic assistance thus became more popular in cardiac surgery.
Completely endoscopic MIMVS without robotic assistance was introduced in the late 1990s, and the outcomes of this procedure in 306 patients were reported by Casselman et al. [1] in 2003. However, this technique is not necessarily popular outside Europe, even today. Endoscopic robotic-assisted MIMVS was also introduced in the late 1990s and became popular especially in North America [6] [7] [8] [9] . As a result, 12.8% of mitral valve repairs were allegedly performed robotically at sites registered with the Society of Thoracic Surgery database in 2013 [6] .
Safety of three-port MIMVS
We compared the results of our endoscopic MIMVS with those of previous endoscopic [1, 10, 11] or robotic [6] [7] [8] [9] 12 ] MIMVS procedures as benchmarks. The mean aortic clamp time varied from 53.0 to 110.9 min, and the CPB time varied from 76.0-182.9 min. The reoperation-free rate ranged from 91% ± 3.5% at 4 years [1] to 99.5% [12] .
Our aortic clamp time and CPB time were consistent with or longer than those in previous reports from large centres. However, operative complications were equally low. Although the reoperation-free rate was within the range of previous reports, there is still room for improvement.
Invasiveness
The lengths of the postoperative ICU stay and hospital stay were evaluated as markers of invasiveness. More than 80% of patients stayed in the ICU overnight, which is comparable with previous reports; however, the mean postoperative hospital stay was 10 days, which is apparently longer than in previous reports. The Japanese health insurance system may encourage a longer stay because several additional days hardly increase the patient's own hospital charge.
Cosmetic outcome
The cosmetic outcomes of our system seem to be able to compete with those of robotic surgery. Our system requires only one small incision (3 cm for isolated MVP and 5 cm for concomitant TAP) plus only two stab wounds for trocar ports (Fig. 3) . In the da Vinci system, four trocar ports for the robotic arms and camera and one additional small thoracotomy as a service port for the patient-side surgeon are usually necessary [8] .
Learning curve
Even in small-to moderate-volume institutions (40-50 cases per year) such as ours, the three-port VATS system enables safe introduction of totally endoscopic MIMVS. A report by Holzhey et al. [13] regarding the learning curve of MIMVS showed that the complication rate, especially re-exploration for bleeding, was high at first and then became acceptable after 75-125 cases for each surgeon; however, the procedure time did not show a chronological tendency to improve. Complications occurred sporadically throughout the present series, and the complication rate was consistently low from the beginning. However, about 120-130 cases were necessary to achieve a plateau in the procedure time. Even after the learning curve reached a plateau, a mean operation time of nearly 4 h was yet necessary. Recent advances in 3D high-definition endoscopic technology have allowed for the use of natural stereoscopic vision and may contribute to an easier learning curve in endoscopic surgery.
Study limitations
This was a retrospective, single-institution, observational study without a control group. Therefore, its level of evidence is low. Improvement in operability using the three-port VATS system was apparent in the present study but was difficult to prove using numerical data (e.g., shortened clamp time) compared with previous reports.
In conclusion, MIMVS with the three-port VATS technique was yet time consuming, but was safe and reproducible, and its cosmetic outcome seems comparable to that of robotically assisted endoscopic surgery.
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